The Sun blocks cosmic-ray particles from outside the solar system, forming a detectable shadow in the sky map of cosmic rays detected by the ARGO-YBJ experiment in Tibet. Because the cosmic-ray particles are positively charged, the magnetic field between the Sun and the Earth deflects them from straight trajectories and results in a shift of the shadow from the true location of the Sun. Here, we show that the shift measures the intensity of the field that is transported by the solar wind from the Sun to the Earth.
INTRODUCTION
Cosmic rays from outside the solar system, mainly hydrogen and helium nuclei (Ahn et al. 2010) , isotropically arrive at the Earth and can be recorded by detectors on the ground, such as the resistive plate chamber array in the ARGO-YBJ experiment (Aielli et al. 2006 ) at 4300 m above the sea level in Tibet, China. At energies around 5 TeV, the cosmic-ray arrival directions are measured by the ARGO-YBJ detector with accuracy better than 1
• (Iuppa et al. 2010 ; Aielli et al. 2010 ). The distribution of particle counts on the sky shows a deficit corresponding to the location of the Sun's shadow. The magnetic fields distributed in the interplanetary space (abbreviated as IMF) along the trajectories deflect these rays slightly and shift the shadow from the true location of the Sun. The Tibet AS γ experiment observed the effect for the first time (Amenomori et al. 1993) .
With its sensitivity, year-round observation for the Tibet AS γ experiment was required to make a significant Sun shadow map, therefore only the yearly variation of the shadow was reported (Amenomori et al. 2006) . As a part of the magnetic field on the photosphere spread out to the interplanetary space by the solar wind (Severny et al. 1970; Wilcox 1971) , the IMF is usually monitored using orbiting detectors only at a distance of approximately 1 AU from the Sun. Abnormally strong fluctuations of IMF could severely disturb the geomagnetic environment. What is measured using the deflection of cosmic rays is a cumulative effect along the whole path from the Sun to the Earth. Since it is strongly modulated by solar activities, IMF is better studied in quiet phases of the Sun. The observation using the ARGO-YBJ experiment described in this paper was made in such a particularly good time window when the solar activity stayed at its minimum for an unexpectedly long time since 2006. At distances greater than 5 solar radii from the Sun center, the IMF is distributed mainly in the ecliptic plane (Ness & Wilcox 1965; Balogh & Jokipii 2009 ). Its z-component perpendicular to the ecliptic plane deflects cosmic rays in the east-west direction, therefore it drives the shadow with an extra shift in addition to the geomagnetic effect which constantly moves the Sun shadow toward west as observed in the moon shadow measurement (Iuppa et al. 2010) . Its y-component, B y , in the ecliptic plane defined to be perpendicular to the line of sight, deflects cosmic rays and thus drives the Sun shadow in the north-south direction. It has no contamination from the geomagnetic effect because the declination angle of the geomagnetic field is less than 0.
• 5 at the ARGO-YBJ site. The measurement of B y is the topic of this paper.
THE ARGO-YBJ EXPERIMENT DATA AND THE SUN SHADOW ANALYSIS
The ARGO-YBJ detector is more sensitive than the Tibet AS γ experiment with its fully covered active area of 5800 m 2 . This allows an investigation for variations of the shadow in shorter periods compared with previous observations. New phenomena associated with both spatial patterns and temporal behaviors of IMF can be observed with the ARGO-YBJ data from 2006 July to 2009 October, namely, 903 exposure days in total. Well-reconstructed events from directions within 6
• around the Sun are selected. They must be also within 150 m from the center of the array and fire at least 100 56 × 62 cm 2 spatial pixels of the detector. These criteria guarantee the event reconstruction quality. Eighty-six million events survive the selection and are used for the study described here. Using this data set, a map of the Sun shadow is plotted in Figure 1 , with the most significant point (45σ , using Li-Ma formula (Li & Ma 1983) for the significance estimation) located at (0.17 ± 0.02)
• toward north and (0.26 ± 0.02)
• toward west. In order to understand the systematic errors of the measurement, the same selection criteria are applied to events around the moon. With a significance of 55σ , similar systematic shifts of the moon shadow location are observed. The reason of the (0.19 ± 0.02)
• shift toward north is under investigation while that of (0.31 ± 0.02)
• toward west is exactly expected due to the geomagnetic effect (Iuppa et al. 2010) .
In order to study the spatial distribution of IMF over solar longitudes, the ARGO-YBJ data mentioned above are divided into 12 groups according to the position of the Earth in terms of solar longitudes when the events are recorded. More specifically, events in each group fly along trajectories within a sector of 30 • 1 × 0.
• 1 with a smoothing within a circular bin of 1.
• 2 as its angular radius which takes into account the point-spread function of the ARGO-YBJ detector. The central circle of the contour map indicates a significance of −43.6 standard deviation of the deficit in event count. The step between contour lines is one standard deviation. The maximum significance is −44.6 standard deviation near the cross which marks the most significant location of the moon shadow. 3.253 × 10 6 events are found in the central circular bin as the on-source event counting, while the expected background is 3.340 × 10 6 . (A color version of this figure is available in the online journal.) nearly frozen in the sector within the 8 minutes needed for the cosmic rays to fly over the distance of 1 AU and be deflected as well. Each group has approximately seven million events which measure the shadow with an average significance of about 10σ . The position of the shadow is measured by projecting the two-dimensional (2D) map onto the axis along the north-south direction and fitting it with a Gaussian functional form. In this way, the position is measured with an accuracy of 0.
• 02. A clear shift of the Sun shadow over a range greater than 0.
• 8 from the southernmost to the northernmost position is observed as plotted in both panels of Figure 2 . This clearly reveals periodical distribution patterns over solar longitudes, indicating that cosmic rays are deflected differently by IMF in the 12 sectors. The angular position of the shadow can be used as a measure of IMF as a function of the solar longitude. Since only the shadow displacement is relevant to the topic of this paper, the systematic offset on its location of 0.
• 19, which is found in the moon shadow observation, is removed in Figure 2 .
In the upper panel of Figure 2 , we used the ARGO-YBJ events collected from 2008 January to 2009 April. It is found that the shadow reaches its northernmost position at about 170
• , then switches toward south and monotonously reaches its southernmost position at about 320
• , and subsequently switches again toward north. This indicates that the polarization of the ycomponent of the field oscillates correspondingly. It follows that the field is spatially distributed in a bisector pattern which is also observed by the satellite-borne detectors as shown in the corresponding data which are downloaded from King & Papitashvili (2004) 25 . This motivates the classification of data into the two groups, i.e., G 1 , which is the one under discussion, and G 2 , which includes all the other events. Using the x-component Figure 2 . Shift of the center of the Sun shadow along the north-south direction during a complete Carrington period. The horizontal axis gives the Carrington longitude and the vertical axis is the angular displacement of the center of the shadow. In the upper panel (a), the observation (triangles) in the period G 1 reveals that the shadow walks toward north in nearly half of the Carrington period and toward south in the rest of the period. The curve is a fit with a harmonic functional form. The squares represent the displacements of the calculated Sun shadows. In the lower panel (b), a similar shift of the shadow but with different pattern is observed in period G 2 , i.e., the shadow moves from side to side twice per Carrington period. C, A i , and φ i (i = 1, 2) are parameters (0th and ith order coefficients and phase shifts) of the second-order harmonic functional form. along the direction connecting the Sun and the observer, the satellites measurement of the magnetic fields clearly separates the adjacent sectors according to the polarization which points toward the Sun or away.
It is very interesting to observe a sudden switch from a 4-sector to a simpler bisector pattern in 2007 July and a subtler return to the 4-sector pattern around 2009 April with data from King & Papitashvili (2004) . Using the ARGO-YBJ data in G 2 , the observed displacement of the Sun shadow is found varying in a similar 4-sector pattern as shown in the lower panel of Figure 2 . Between the northernmost position at about 80
• and the southernmost one at about 330
• , the shadow switches its drifting direction back and forth again between 160
• and 260
• , as in a sub-period. For both cases, the spatial patterns in terms of the longitudinal distribution of the Sun shadow displacements are well fitted using harmonic functional forms as shown in Figure 2 (solid curves) and the parameters are displayed in the legends of the figures.
IMF MEASUREMENT AND DISCUSSION
Based on this observation, one can estimate the transverse component of the IMF, B y , by fitting the measured displacement distribution as a function of the solar longitude with a minimal assumption in its model (Parker 1963; Amenomori et al. 2000) . This model has been thoroughly described in Amenomori et al. (2000) . The major difference is that the field has a longitudinal distribution f ( ) that is assumed to be the same as the distribution of the displacement of the observed Sun shadow with a phase shift δ. The model is briefly summarized as follows. IMF is distributed only in the ecliptic for r > 5R sun , where r is the distance from the center of the Sun and R sun is the solar radius. The distribution on solar longitudes is conserved along the spiral trajectories of the solar wind starting at points on the photosphere surface. The projecting direction on the photosphere is determined by the solar wind speed, v r (perpendicular to the surface), together with the rotating speed of the Sun, rω, where ω is the angular speed of the Sun rotation. The intensity of IMF falls as 1/r along the spirals at distance far from the Sun. That is,
where B 0 is the field intensity at the solar surface. B 0 and δ are the two parameters that can be estimated with our data. The solar wind that transports the fields away from the Sun has a v r distributed over a range from 290 to 700 km s −1 . For simplicity, we assume the average value of 400 km s −1 in the analysis (King & Papitashvili 2004) .
For cosmic rays around 5 TeV, the composition has been well measured in balloon experiments (Ahn et al. 2010) . A ray-tracing algorithm is developed based on this IMF model to describe particles passing by the Sun. The ray tracing is carried out with the known composition in order to reproduce the shadow effect formed by the screening of the Sun. It is found that the cosmic rays are less deflected as they fly farther from the Sun because the IMF intensity decreases as 1/r, however, at these larger distances there is a larger shift of the Sun shadow position due to a perspective effect. For instance, approximately 73% of the shadow shift formed by 1 TeV cosmic rays occurs in the second half of their journey from the Sun to the Earth. Using this ray-tracing tool, it is straightforward to figure out the intensity of IMF B 0 and the phase shift δ by fitting the Sun shadow displacement data shown in Figure 2 . The calculated displacements are shown in the same figure as filled squares.
The solar wind needs 4.5 days to transport IMF from the photosphere surface to the Earth where the field intensity is measured by the orbiting detectors. On the other hand, cosmicray particles take only 8 minutes to fly over the "frozen" IMF, thus the measurement by using the deflection of cosmic rays is an average over the fields along different spirals that start from different longitude regions on the photosphere surface. This is equivalent to an average over many reference points along the orbit of the Earth in a range ahead of the current Earth position in terms of Carrington solar longitudes. It results in a phase shift between the Sun shadow displacements and the IMF distribution in solar longitudes. According to the raytracing simulation, the phase shift is calculated to be 21
• , corresponding to 1.6 days ahead. Applying this phase shift to the IMF intensities at r = 1 AU measured by the Sun shadow displacements, we obtain measurements of B y as plotted in the upper and lower panels of Figure 3 for periods G 1 and G 2 , respectively. The solid curves, with uncertainty represented by the shaded area, are the results of the ARGO-YBJ experiment while the solid dots represent the measurements by the orbiting Positive sign indicates that the field is pointing to the center of the Sun. An uncertainty of one standard deviation is marked by the shaded area. The solid dots represent the measurements using the OMNI observational data downloaded from King & Papitashvili (2004) . In the lower panel (b), the results with the 4-sector structure in period G 2 are displayed.
detectors (King & Papitashvili 2004) . The two measurements are of the same order in the amplitude of (2.0 ± 0.2)nT and are consistent in the alternating periodical pattern. In order to carry out the observation in a sector of 30 • , the current ARGO-YBJ experiment must be operated for approximately 13 complete Carrington periods to collect enough events for the required accuracy on the position of the Sun shadow, namely 0.
• 1, in each sector. The same folding technique with a Carrington period is used in the satellite detector data analysis as mentioned.
The measurement is particularly interesting because it refers to a "ground state" of IMF in the quiet phase, around the minimum between the 23rd and the 24th solar cycles. It is also an important complement to the regular monitoring of IMF at satellite orbits because it is related to the IMF distribution over the much larger scale of 0.5 AU.
Even more importantly, this measurement could foresee fluctuations of IMF that will sweep the Earth about 2 days later, demonstrating a potential forecasting capability for magnetic storms due to solar events. Although the ARGO-YBJ detector has not sufficient sensitivity to measure the Sun shadow with the required precision in a single day, a future detector such as the LHAASO project (Cao 2010) , may be sufficient to be able to measure the Sun shadow within 1 day or so. Thus, it would be practically useful in monitoring unexpectedly large shifts of the Sun shadow to foresee magnetic storms due to solar events approximately 2 days ahead of their arrival to the Earth. This triggers further study on a possible new method for space weather monitoring among many others well-developed methods (Kudela 2007) . For instance, The z-component of IMF, which may be even more relevant to the potential forecasting, is under analysis with a careful decoupling from geomagnetic effects. 
